Matrix metalloproteinases (MMPs) are a class of zinc and calcium-dependent endopeptidases responsible for degrading extracellular matrix (ECM) components. Their activity is critical for both normal biological function and pathological processes (Dejonckheere et al., Cytokine Growth Factor Rev 2011;22:73-81). In dental restorations, the release and subsequent acid activation of MMPs contributes to premature failure. In particular, MMP-8 accelerates degradation by cleaving the collagen matrix within the dentin substrate in incompletely infiltrated aged bonded dentin (Buzalaf et al., Adv Dent Res 2012;24:72-76), hastening the need for replacement of restorations. Therefore, development of a dental adhesive that better resists MMP-8 activity is of significant interest. We hypothesize that modification of the polymer surface with an inhibitor would disable MMP-8 activity. Here, we identify the metal abstraction peptide (MAP) as an inhibitor of MMP-8 and demonstrate that tethering MAP to methacrylate polymers effectively inhibits catalysis. Our findings indicate complete inhibition of MMP-8 is achievable using a grafting approach. This strategy has potential to improve longevity of dental adhesives and other polymers and enable rational design of a new generation of biocompatible materials.
INTRODUCTION
Matrix metalloproteinase (MMP) activity remains a prime concern in the longevity of biocompatible polymers, including dental adhesives. 1 The prevention and treatment of tooth decay are major challenges in dentistry and annual expenditures associated with dental services surpass $100 billion dollars in the US. 2 A substantial portion of this economic burden arises from the need for replacement of dental restorations. Dental materials are softer and more porous than the mineralized tooth and as such leach bioactive molecules from dentin that activate key enzymatic reactions, particularly MMPs. 3 These host-derived enzymes degrade the supporting tooth structure to which the adhesive is attached and facilitate destruction of the bonded interface. 4 The MMP family is large and its members act on diverse substrates specific to individual tissues. Mature human odontoblasts secrete the gelatinases MMP-2 and −9, collagenases MMP-8 and −13, and enamelysin MMP-20. 3 The organic fraction of dentin is composed predominantly of type I collagen, and cleavage of this matrix is primarily accomplished by MMP-8. As such, inhibition of MMP-8 5 is critical to developing next-generation dental adhesives.
In normal biological processes the activity of MMPs is regulated by inhibitory proteins such as α2-macroglobulin (a plasma protein that acts as general protease inhibitor) and specific tissue inhibitors of MMPs (TIMP-1, −2, −3, and −4). Unfortunately, due to the expense and limited stability in the oral environment, large proteins such as these are not viable options for use in a biomaterial. Over the last 20 years a tremendous amount of effort has been made to develop small molecule 6, 7 and peptide inhibitors capable of controlling these enzymes and the disease conditions that result from aberrant activity. [8] [9] [10] Despite substantial efforts, successful introduction of a MMP-8 inhibitor into a dental adhesive has not yet been reported. Design of MMP-8 inhibitors has been challenging due to the large size of this enzyme's binding pocket, particularly the S1 specific loop. 11 This flexible loop of MMP-8 does not favor tight binding, making potent inhibition difficult to accomplish using small molecules. 11 As such, peptides may offer the best option for inhibiting MMP-8.
Peptide-polymer conjugates are a promising new class of versatile materials that leverage the advantage of stable polymer combined with hierarchical structure and chemical functionality of peptides. 12 In the last decade, much work has been done in modifying polymer surfaces for various signaling and biomolecule immobilization studies, [13] [14] [15] [16] [17] [18] but these approaches have yet to be applied to dental restorations. The approach presented ( Figure 1 ) entails grafting a peptide-based inhibitor onto an amine-containing polymerized resin to inhibit MMP-8 activity at the exposed surface. Grafting avoids pitfalls associated with use of soluble inhibitors. By restricting inhibition solely to the location of interest, MMPs in the immediate vicinity are selectively affected. In addition, unlike leachable strategies in which it is difficult to incorporate sufficient amounts of inhibitor to persist for long durations of time and the material becomes more porous as the inhibitor diffuses out, grafting does not necessarily disrupt the structure of the adhesive polymer or lose activity as quickly over time. The first crucial step in this pursuit was to identify a peptide sequence that inhibits MMP-8. The metal abstraction peptide (MAP) technology reported by the Laurence lab, 19 provides a new approach with great potential for accomplishing MMP inhibition at polymer surfaces. MAP is a tripeptide with a unique chemistry capable of robbing transition metal ions, such as Zn 2+ , from chelators. 19 Because the functional unit of MAP is only three amino acids long, the inhibitory peptide can be engineered to suit the length and geometry of a target protein. Here, the MAP module was incorporated into a longer peptide (tether-MAP) and grafted to amine-containing polymers, and the ability of the functionalized polymer to deactivate MMP-8 was investigated.
MATERIALS AND METHODS
2,2-bis[4-(2-hydroxy-3-methacryloxypropoxy)phenyl]-propane (BisGMA, Polysciences, Warrington, PA) and 2-hydroxyethyl methacrylate (HEMA, Acros Organics, NJ) were used as received without further purification as monomers in dentin adhesives. 2-Aminoethyl methacrylate hydrochloride (AEMA) was used as a co-monomer as obtained from Sigma Aldrich (St. Louis, MO). Camphoroquinone (CQ) and ethyl-4-(dimethylamino)benzoate (EDMAB) were obtained from Sigma-Aldrich (St. Louis, MO). All other chemicals were reagent grade and used without further purification. MMP-8 colorimetric and fluorimetric RED kits were bought from Enzo life sciences and used as instructed. Peptides Asn-Cys-Cys (MAP), Ser-Trp-Leu-Ala-Tyr-Pro-Gly-Ala-Val-Ser-Tyr-Arg-Gly-Asn-Cys-Cys (tether-MAP), and Disuccinimidyl suberate (DSS) linker were gifts from Echogen Inc.
Preparation of polymer resins
The control adhesive consisted of HEMA and BisGMA with a mass ratio of 60/40% w/w (HEMA/BisGMA). The photoinitiators used in this study were 0.5% w/w each camphorquinone (CQ), ethyl 4-(dimethylamino)benzoate (EDMAB) and diphenyliodonium hexafluorophosphate (DPIHP). All these materials were used as received. The experimental adhesives were formulated with 5, 10, 15, and 20% w/w AEMA monomer to facilitate grafting on the surface. Mixtures of monomers/photoinitiators were prepared in a brown glass vial in the absence of visible light. The solutions containing the monomers/ photoinitiators were mixed overnight at room temperature to promote complete dissolution and formation of a homogeneous solution prior to light-induced polymerization.
Degree of conversion
The DC and polymerization behavior was determined by FTIR as described previously by our group. 20 Real-time in situ monitoring of the photo-polymerization of the different adhesive solutions was performed using an infrared spectrometer (Spectrum 400 Fourier transform infrared spectrophotometer, Perkin-Elmer, Waltham, MA) at a resolution of 4 cm −1 . One drop of adhesive solution was placed on the diamond crystal top plate of an attenuated total reflectance (ATR) accessory (PIKE Technologies Gladi-ATR, Madison, WI) and covered with a cover slip to prevent oxygen inhibition of polymerization. A 40-s exposure to the commercial visible-light-polymerization unit (SpectrumVR 800, Dentsply, Milford, DE) at an intensity of 550 mW cm −2 was initiated after 50 spectra had been recorded. Real-time IR spectra were continuously recorded for 900 s after light activation began. A time-based spectrum collector (Spectrum Time-Base, Perkin-Elmer) was used for continuous and automatic collection of spectra during polymerization. Three replicates were obtained for each adhesive formulation. The change of the band ratio profile [1637 cm −1 (C=C)/1608 cm −1 (phenyl)] was monitored and degree of conversion (DC) was calculated using the following equation, where A = absorbance, based on the decrease in the absorption intensity band ratio before and after light curing, 20 as in Eq. (1) below.
(1)
Resin coating of 96-well plate
To make the polymer coating on a 96-well plate, 40 μL of each resin formulation was aliquoted in different wells and cured with a 40-s exposure to the commercial visible-lightpolymerization unit (SpectrumVR 800, Dentsply, Milford, DE) at an intensity of 550 mW cm −2 . The plate was left under dark for post polymerization for 48 h.
Polymerization and curing in the 96-well plates were performed using atmospheric conditions and oxygen-depleted conditions in which the plate was placed in a sealed enclosure and purged with nitrogen for 5 min. Samples produced with and without oxygen depletion behaved comparably.
Methyl orange assay
Methyl orange assays were conducted with a few modifications from literature procedures. 21 A 0.2% methyl orange (Fisher Scientific) stock solution was prepared using deionized water. This solution was diluted to 0.05% with 0.1M NaH 2 PO 4 solution (solid from Fisher Scientific) to prepare an acidic methyl orange solution (final buffer concentration was 0.075M NaH 2 PO 4 solution).
Polymers were presoaked in water for 2-7 days to remove any leachables. Polymers were removed from water, rinsed under a stream of deionized water for approximately 10-30 s, and excess water was removed by blotting samples on a Kimwipe. Polymers were then incubated in acidic methyl orange solution for ~1 h. Polymers were removed from solution, rinsed under a stream of deionized water for approximately 10-30 s, and excess water was removed by blotting samples on a Kimwipe. A 0.1M Na 2 CO 3 (Fisher Scientific) solution was prepared (base solution). Polymers were incubated in 5 mL of base solution for ~6.5 h. The absorbance of the resultant base solution (with methyl orange extracted from the polymer samples) was measured using a UV-Vis spectrophotometer (Thermo Scientific Evolution300 UV-VIS) from 400-800 nm. Methyl orange has a maximum absorbance at 465 nm. The concentration was determined by using a standard calibration curve with the dye solution at different concentrations. This curve was linear over the concentration range investigated here. The concentration can be used to determine the amount of dye in the solution, which can be used to estimate the number of adsorbed methyl orange molecules per mass of polymer.
Peptide grafting on polymer surfaces
DSS linker chemistry was used to graft the inhibitor peptide on to the polymer surfaces via amine containing residues. The reaction volume was limited to 50 μL so that the reactants could remain mostly localized on the polymer surface and tried different concentration ratios of DSS and tether-MAP. 47 μL of HEPES buffer pH 7.4, 2 μL of 1 mM peptide and 1 μL of 50 mM DSS linker were used per well. The plate was incubated at room temp for 1 h and then the reaction was quenched by adding 50 μL of 20 mM Tris buffer for 15 min. Wells were then washed ten times with 400 μL dd H 2 O prior to data acquisition. A positive control was performed with 4′-(aminomethyl) fluorescein, hydrochloride (Invitrogen) under the same conditions over all polymer surfaces.
MMP-8 activity RED fluorometric assay
MMP-8 Fluorometric Drug Discovery Kit, RED was used to study MMP inhibition on polymer surfaces. This kit also contains the same NNGH standard inhibitor as in colorimetric kit. The components were diluted in assay buffer that had been pre-warmed to the reaction temperature (37°C). The fluorescent microplate reader was calibrated using Ex/Em = 545/576 nm, with cutoff set at 570 nm.
The assays are performed in a convenient 96-well micro-plate format. NNGH was diluted 1/200 in assay buffer to required total volume and warmed to reaction temperature 37°C. Substrate peptide was diluted 1/50 in assay buffer to required total volume. MMP-8 enzyme was diluted 1/100 in assay buffer to required total volume and warmed to reaction temperature 37°C. Assay buffer was pipetted into each desired well as follows: Blank (no MMP-8) = 90 μL assay Buffer, control (no inhibitor) = 70 μL assay Buffer and Inhibitor NNGH and test inhibitors = 50 μL assay Buffer. 20 μL of MMP-8 was added in all wells except the blank followed by 20 μL of inhibitor NNGH (final inhibitor concentration=1.3 μM) in NNGH designated wells and different concentrations of test inhibitor peptides (final concentrations of 0.01, 0.1, 1.0 μM) in respective wells. The plate was incubated for 90 min at reaction temperature 37°C to allow inhibitor/enzyme interaction and then 10 μL of substrate peptide (diluted and equilibrated to reaction temperature) was added (final substrate concentration = 100 μM) to start the reaction. The plate was read continuously in the fluorescent microplate reader, using Ex/Em = 545/576 nm, with cutoff set at 570 nm at set reaction temperature 37°C.
RESULTS

Degree of conversion of polymer resins
Standard adhesive formulation of HEMA and Bis-GMA was doped with different wt % of AEMA monomer to facilitate peptide grafting onto the polymer surface. To determine the effect of altering the standard formulation to incorporate AEMA, the degree of conversion (DC) for each resin formulation was examined. Because AEMA is poorly soluble in BisGMA, the control resin has a higher proportion of HEMA than is standard in order to accommodate up to 20% AEMA. Real-time photo-polymerization kinetic behavior of the control and experimental adhesives is shown in Figure 2 . It is evident that addition of AEMA has an effect on DC. With increasing AEMA content, DC increased from 61% for the control resin to 70-80% for the experimental resins. At each level of AEMA content, the polymerization rates of the experimental adhesives were significantly higher than those of the control. The standard adhesive formulation, however, has a DC of ~70%, which is well matched by the 15-20% AEMA-containing samples.
Determination of solvent-accessible amine content
Methyl orange (MO) electrostatically binds to the available amines within the polymer and is extracted using basic solution. UV-Vis analysis of the series of extracts containing methyl orange have increased absorbance at 465 nm, and the intensities reflect the increasing amount of solvent accessible amines within the polymer, corresponding to the expected percent increase in incorporated amine within the polymer. Figure 3(a) depicts that correlation, indicating the increase in amine content resulted in a proportional increase in methyl orange adsorption and extraction from the polymers. This confirms that a higher percentage of amine within the polymer formulation results in additional solution-accessible amine sites incorporated within the polymer.
Peptide grafting onto polymer surfaces
The adhesive resin formulations were polymerized in 96-well plates in order to carry out grafting and inhibition studies. An amine moiety is present on both the peptide and polymer, and this moiety is used to accomplish linking the two species via DSS. Because DSS is a homobifunctional linker, self-coupling between soluble peptides occurs readily in solution. A series of experimental conditions were examined to optimize the grafting reaction. As a positive control, the matrix was repeated using FITC instead of tether-MAP. Grafting of tether-MAP, monitored by intrinsic tryptophan fluorescence (E ex /E em = 280/360), follows an almost linear trend of RFU with AEMA content in polymer resin [ Figure 3 The findings indicate 10 mM DSS and 0.1 mM peptide/dye is the optimum condition for efficient grafting. These results parallel the trend observed for solvent accessible amine content, determined above using the MO assay.
Analysis of residual solvent-accessible amines following grafting
To quantify the unreacted amine content in the polymer following completion of the coupling reaction, the methyl orange assay was applied to dye-conjugated polymers. As a control, MO was applied to the control formulation before and after carrying out the grafting reaction. As expected, no discernible difference in MO adsorption is observed for the control formulation because grafting cannot occur. A decrease in absorbance at 465 nm is observed for the 5%, 10%, 15%, and 20% amine-containing polymers after DSS-dye coupling when compared with unmodified samples of the same composition. In all cases, the absorbance at 465 nm decreased by ~80% after grafting [ Figure 3(a) ]. The 20% residual amine content may be due to restricted accessibility to the surface by the larger linker-peptide compared with MO, which is consistent with the data showing that increasing the concentration of the reaction components does not lead to greater grafting efficiency.
MMP-8 inhibitor analysis
To examine the ability of the MAP peptide module (asparagine-cysteine-cysteine; NCC) to inhibit MMP-8 a standard fluorimetric assay first was carried out in solution. The MAP peptides were tested and compared with positive and negative control reactions. Figure 4(a) shows that 0.1 μM of NCC achieves nearly complete inhibition of MMP-8. 1.3 μM of the standard inhibitor NNGH is required to achieve a similar result, whereas 0.1 μM NNGH achieves ~50% inhibition in similar conditions, indicating that perhaps MAP tag is a better inhibitor than NNGH.
To ensure accessibility of the inhibitory peptide module and permit interaction with MMP-8 once tethered to the polymer, MAP was incorporated into a longer polypeptide to provide a spacer between the inhibitory MAP module and the polymer surface. Based on examination of the MMP-8 structure and literature reports on structure activity relationships of MMP-8 inhibitors, a 13 amino acid spacer was chosen, which includes a tryptophan for quantification. A 16 amino acid long peptide called tether-MAP was generated with MAP at the C-terminus ( Figure 5 ). The tether-MAP peptide was tested for its ability to inhibit MMP-8 activity in solution. It was found to require ~10-fold higher concentration than the MAP tripeptide alone, but tether-MAP completely abrogated turn over at comparable or slightly lower concentration than NNGH [ Figure 4(b) ].
To verify the peptide remains functional as an inhibitor after tethering to the polymer surface, the MMP-8 assay was carried out on the series of peptide-grafted polymer surfaces, including control resin, 5%, 10%, and 20% AEMA-doped resin. Each resin was first modified with tether-MAP peptide and then assayed as in solution and compared with control and NNGH reactions. In addition, the control and standard inhibitor reactions were run on the series of unconjugated, bare polymer resins to account for background and establish any differences caused by changes in polymer composition. All resins behaved comparably, indicating the polymer does not affect the assay and that the observed inhibition results from the grafted peptide. Figure 6 shows the efficiency of inhibition increased with increasing amount of grafted peptide, corresponding to the percent amine in the formulation. The 20% AEMA containing resin grafted with tether-MAP showed the best result, in which complete inhibition of MMP-8 was achieved.
DISCUSSION
MMP inhibition remains a prime concern in development of new dental adhesives. 22, 23 The set of investigations reported to date have established MMP-8 is more difficult to inhibit than other MMPs present in dentin, likely due to the large, flexible S1 loop in the binding pocket of MMP-8. 11 As such, peptides may better fill the pocket of MMP-8 compared with small molecules and may provide a better starting place for understanding how to design selective inhibitors to this key enzyme. The MAP chemistry applies to transition metals, including zinc, and as such, the MAP technology provides a new tool to address this critical issue. Here, tether-MAP was engineered to suit the length and geometry of the target protein and demonstrates effective inhibition of MMP-8 is retained when grafted to the polymer surface, suggesting that MAP binds the zinc ion present in MMP-8 and disables enzymatic function.
The quality of the adhesive bond to the dentin substrate is closely related to infiltration and photo-polymerization of adhesive resins. 24, 25 DC value is one critical parameter that reflects the quality of the adhesive bond and the interfacial hybrid layer. [26] [27] [28] Better infiltration into the demineralized collagen substrate results in greater contact area between the tooth and restoration, which supports tight bonding. Infiltration in part is limited by viscosity of the resin formulation. Here, the standard formulation was modified to support miscibility of the amine-containing monomer, which was used to functionalize the polymer for grafting. The observed increase in DC of AEMA-containing resins may be attributed to decreased viscosity, resulting from the lower BisGMA content. Lower viscosity would have the added benefit that it may improve infiltration into the dentin prior to polymerization, facilitating better integration with the collagenous substrate.
Polymerized samples containing AEMA were shown to display solvent-accessible amines both before and after grafting. The amount of amine detected was proportional to the amount of AEMA included in the resin, and 80% efficiency of attachment was observed for all samples modified using DSS chemistry, regardless of polymer composition and the species attached. In both the fluorescence and methyl orange assays the surface-accessible amine concentration dependence appears to be nonlinear with respect to the AEMA concentration in the resin. This suggests the solvent-accessible amine content is affected by chemical and/or structural changes in the polymer. The effect may emanate from variation in the formulation's overall hydrophobicity, which may perturb the pKa and/or reactivity of the amine differently in the context of resin mixtures having differing properties. 29 Relative proportions of individual components may also affect surface accessibility of the amine groups and crosslinking density by modulating viscosity and/or miscibility. Our results here demonstrate increasing the proportion of amine-containing monomer in the formulation disproportionately elevates the solvent accessible amine content, facilitating grafting to these moieties. Nonetheless, the ratio of reacted to residual amines remains constant at approximately 4:1.
The persistence of 20% residual unreacted amine following grafting suggests incorporation of amine moieties may provide multifunctionality, in which the grafted peptide specifically staves off the destructive action of MMPs while unreacted amines act as a proton sponge to moderate the effects of chemical degradation caused by the acidic oral environment. [29] [30] [31] In addition to MMP activity, a second key factor that contributes to premature failure of composite restorations is recurrent caries at the margins of these restorations. 26, 32 This phenomenon is linked to attachment of the cariogenic bacterium Streptococcus mutans. 33 Adhesion of S. mutans to the tooth surface supports subsequent growth and recruitment of additional bacteria. Microbial metabolism generates lactic acid, which demineralizes the tooth and further activates MMPs. Efforts to address bacterial adhesion and MMP activity have primarily relied on incorporation of a quaternary ammonium salt. 7 Incorporation of quaternary ammonium methacrylate comonomer also has been examined but this approach required higher concentration. 34 These moieties are nonspecific in their mechanism of action and affect a wide variety of MMPs. The advantage of the comonomer approach over the salt is that it is not readily leachable and remains in place. In this study, primary amine moieties are used to tether an inhibitory peptide to the methacrylate polymer to achieve specific inhibition. Separately, our group reported amine-containing monomers may act as a proton sponge and help neutralize lactic acid. 35 Combining these approaches creates the opportunity to combat synergistically both acid and enzyme-based degradation.
This study presents a first step toward the goal of increased longevity of dental restorations by inhibiting collagen degradation. To advance this approach toward clinical application, further in situ and in vivo studies must be performed. More complete characterization of the interaction between MAP and MMP-8 is being pursued with the aim of improving potency against and selectivity for inhibition of MMP-8 to enable further optimization of the grafted inhibitor. To advance this approach into the clinic, the amine-containing and grafted adhesive formulations next must be applied to collagenous dentin substrates and the rate of collagen degradation determined to be reduced significantly. In addition, the mechanical properties of the modified adhesive formulations and the long-term integrity of the restoration, including both the adhesive and grafted peptide, also will need to be demonstrated in vivo. Having confirmed the initial hypothesis that surface modification with tether-MAP inhibits MMP-8 has laid the foundation for these subsequent studies to be pursued.
CONCLUSIONS
The MAP peptide was shown to effectively inhibit MMP-8 and its inhibitory function is retained when tethered to the polymer surface via a spacer. The standard dental adhesive resin formulation was modified to incorporate functionality for peptide grafting, and incorporation of AEMA produced polymers with the desired degree of conversion. We identified an efficient way to graft peptide to the polymer and achieved complete inhibition of MMP-8 at the polymer surface. Optimization of the composition of the dental adhesive formulation to maximize performance characteristics clearly involves multiple parameters. Here, we highlight that amine moieties may be used to functionalize the polymer surface and protect against degradation by MMP enzymes. 
